The compact genome of Fugu rubripes has been sequenced to over 95% coverage, and more than 80% of the assembly is in multigene-sized scaffolds. In this 365-megabase vertebrate genome, repetitive DNA accounts for less than one-sixth of the sequence, and gene loci occupy about one-third of the genome. As with the human genome, gene loci are not evenly distributed, but are clustered into sparse and dense regions. Some "giant" genes were observed that had average coding sequence sizes but were spread over genomic lengths significantly larger than those of their human orthologs. Although three-quarters of predicted human proteins have a strong match to Fugu, approximately a quarter of the human proteins had highly diverged from or had no pufferfish homologs, highlighting the extent of protein evolution in the 450 million years since teleosts and mammals diverged. Conserved linkages between Fugu and human genes indicate the preservation of chromosomal segments from the common vertebrate ancestor, but with considerable scrambling of gene order.
Introduction
Most of the genetic information that governs how humans develop and function is encoded in the human genome sequence (1, 2) , but our understanding of the sequence is limited by our ability to retrieve meaning from it. Comparisons between the genomes of different animals will guide future approaches to understanding gene function and regulation. A decade ago, analysis of the compact genome of the pufferfish Fugu rubripes was proposed (3) as a costeffective way to illuminate the human sequence through comparative analysis within the vertebrates. We report here the sequencing and initial analysis of the Fugu genome, the first publicly available draft vertebrate genome to be published after the human genome. By comparison with mammalian genomes the task was modest, since almost an order of magnitude less effort is needed to obtain a comparable amount of information.
Fugu rubripes, commonly known as "torafugu," is a teleost fish belonging to the Order Tetraodontiformes and Family Tetraodontidae. Its natural habitat spans the Sea of Japan, the East China Sea, and the Yellow Sea. Early work (4) suggested that Tetraodontiformes have low nuclear DNA content [less than 500 million base pairs (Mb) per haploid genome], which led to the conjecture that the genomes of these creatures were compact in organization. Although the Fugu genome is unusually small for a vertebrate, at about one-eighth the length of the human genome, it contains a comparable complement of protein-coding genes, as inferred from random genomic sampling (3) . Subsequently, more-targeted analyses (5) (6) (7) (8) (9) showed that the Fugu genome has remarkable homologies to the human sequence. The intronexon structure of most genes is preserved between Fugu and human, in some cases with conserved alternative splicing (10) . The relative compactness of the Fugu genome is accounted for by the proportional reduction in the size of introns and intergenic regions, in part owing to the relative scarcity of repeated sequences like those that litter the human genome. Conservation of synteny was discovered between humans and Fugu (5, 6) , suggesting the possibility of identifying chromosomal elements from the common ancestor. Noncoding sequence comparisons detected core conserved regulatory elements in mice (11) . This methodology has subsequently been used for identifying conserved elements in several other loci (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . These remarkable homologies, conserved over the 450 million years since the last common ancestor of humans and teleost fish, combined with the compact nature of the Fugu sequence, led to the formation of the Fugu Genome Consortium to sequence the pufferfish genome.
Whole-Genome Shotgun Sequencing and Assembly of the Fugu rubripes Genome
Sequencing and assembly. Shotgun libraries were prepared from genomic DNA that had been purified from the testis of a single animal to minimize complications due to allelic polymorphisms. These polymorphisms are estimated to occur at 0.4% of the nucleotides in our individual fish, ϳfourfold as many as in human (25) . We set out to generate ϳ6ϫ genome coverage of the Fugu genome (Table 1) . Several plasmid libraries with 2-and 5.5-kb inserts were constructed and end-sequenced by dye terminator and dye primer chemistries. The bulk of the sequence coverage resulted from 2-kb libraries ( Table 1) . However, the 5.5-kb library provided crucial intermediate-range linking information for assembly.
Reads passing the primary quality and vector screens ("passing reads") were assembled into scaffolds by means of JAZZ, a modular suite of tools for large shotgun assemblies that incorporates both read-overlap and read-pairing information The 3.71 million passing reads were assembled into 12,381 scaffolds longer than 2 kb, for a total of 332.5 Mb. The scaffolding range and contiguity of the assembly are shown in table S1. A total of 745 scaffolds longer than 100 kb account for 35% of the assembled sequence (119.5 Mb); 1908 scaffolds longer than 50 kb account for 60% of the assembly (200.8 Mb); 4108 scaffolds longer than 20 kb account for 81% of the assembly (271 Mb).
These scaffolds contain 45,024 contigs that total 322.5 Mb of assembled sequence. The remaining 10 Mb of scaffold sequence consists of 32,621 "captured" or "sequence-mapped" gaps (i.e., gaps flanked by contigs that are connected by spanning clones). These gaps were up to 4 kb in length, with an average size of 306 base pairs (bp). These gaps are indicated in the scaffold sequence by runs of N's whose length is the best estimate of gap size on the basis of the spanning clones; by convention, gaps projected to be shorter than 50 bp are indicated by 50 N's. Gaps account for Ͻ3% of the total scaffold length.
Five percent of the passing reads were withheld from assembly as being from high percent nucleotide identity, high-copy number repeats (25) . About 20% of these reads have sisters placed in the assembly and therefore should contribute to filling in some captured gaps; this gap closing is ongoing. The remainder accounts for an estimated 15 Mb of unassembled, highly repetitive genomic sequence, about 10 Mb of which consist of centromeric or ribosomal RNA tandem repeats (25) . An additional 5% of passing reads remained unassembled, accounting for an estimated 18.5 Mb of unassembled genomic sequence that is not composed of obvious high-copy number repeats but were not assembled for various reasons. Some of this sequence can be recovered by cluster assemblies and contains minor tandem repetitive genes including, for example, some small nuclear RNA arrays. Combining these unassembled sequences yields an estimated total genome size of ϳ365 Mb, consistent with previous estimates (3, 4) and projections from sample sequencing of the freshwater pufferfish Tetraodon nigroviridis (26) .
Completeness and accuracy. Of the 44 nonredundant Fugu contigs in GenBank Ͼ20 kbp (totalling 2.2 Mb), 40 were completely covered by the assembly in one or a few scaffolds. Three of the remaining four have 6-to 8.5-kb pieces missing from the scaffolds in regions that are clearly repetitive, on the basis of their depth of high-quality coverage. The fourth (GenBank accession number AH007668) contains the T cell receptor (TCR)-␣ locus and was matched in the assembly only within the coding sequence of the V region, suggesting a cloning or assembly problem. Similarly, all exons of a well-annotated set of 209 Fugu genes from GenBank could be located within the assembly, with the exception of two odorant receptor genes that were found in the unassembled reads. The singleexon odorant receptor genes are often found in tandem arrays separated by repetitive sequence, which may account for their absence in the current assembly.
The accuracy of the sequence was measured by comparing the assembly consensus with the finished sequence of cosmid 165K09 (GenBank accession number AJ010317), excluding sites that were determined to be polymorphic (25) . The error rate was estimated to be about five errors per 10,000 nucleotides, equivalent to an overall effective Phrap quality score of 33 ϭ Ϫ10 log(5 ϫ 10
Ϫ4
). Self-consistency of the assembly was confirmed by the relative placement and orientation of paired ends. For 2-kb insert clones with both ends assembled, more than 98% were found in the same scaffold within 3 standard deviations of their expected relative separation and in the appropriate (i.e., oppositely directed) orientation for each library.
To assess fidelity on a longer scale, we compared 2.2 Mb of finished Fugu sequence from GenBank with the assembly by means of BLAST analysis. These finished sequences were recovered in the assembly as long, continuous stretches of scaffold, further confirming the assembly over these segments. Only one discrepancy was noted: A finished bacterial artificial chromosome (BAC) differed from the shotgun assembly by a 500-bp inversion at one end of the BAC. Small cloning inversions have been noted on BAC and cosmid clone ends in previous studies and may explain this discrepancy. The JAZZ assembly at this location is supported by strong paired-end linking information; raw sequence data for the BAC itself were unavailable. As the BAC and shotgun sequences are from different individual fish, this is a possible polymorphism (25) . Unlike the human genome, there is no chromosomal or genetic information on gene loci that requires integration, nor in this present assembly was a physical clone map integrated with the genome sequence. The scaffolds are therefore not mapped onto Fugu chromosomes.
Preliminary Annotation and Analysis of the Fugu Genome
We annotated the scaffolds with putative gene features by using a homology-based pipeline similar to that of the human EnsEMBL project (25, 27, 28) . The results, as well as genome sequences, software, updated assemblies, and other information, are freely available at www.fugubase.org and www.jgi.doe.gov/fugu. Fugu materials are available from fugu.hgmp. mrc.ac.uk. The assembly described in this paper may also be accessed at the GenBank/EMBL (European Molecular Biology Laboratory) whole-genome shotgun divisions, accession number CAAB01000000. The whole-genome shotgun assembly of 332.5 Mb and a small database of unique unplaced reads constituting ϳ5% of the genome was searched.
Arrangement of gene loci. How many gene loci? After initial gene-building, filtering of repetitive peptides, and removing poorly supported (by BLAST match) predictions, a total of 33,609 predicted Fugu peptides remained (25) . These constituted the nonredundant predicted set of Fugu proteins, including potential alternative predictions for Table 1 . Sequencing summary. *NFP and CRA refer to the same library, prepared at the Joint Genome Institute ( JGI) but sequenced at JGI and Celera, respectively. All other libraries were prepared at the site of sequencing, with the exception of the BAC and cosmid libraries, which were prepared at the Human Genome Mapping Project (HGMP), Cambridge, UK. All DNA, with the exception of the BAC library (OML), was derived from the same individual. JGI, Celera, and JGI-LANL (Los Alamos National Laboratory) sequencing was done with dye-terminator methods; Myriad sequencing used dye primer methods. Pair-passing clones are clones with passing sequences from both ends of the insert. Fold sequence and clone coverages were calculated assuming a genome size of 380 Mb. (30) . The true number will be influenced by the fact that the present assembly is still fragmented and so some gene loci span two or more scaffolds: the residual 5% of the genome that remains to be assembled and contains some additional loci, and translated genome comparisons used to capture loci not detectable in extant protein and cDNA databases. Because few Fugu cDNA sequences were available, most of our gene predictions in the present gene build rely on homology evidence from the universe of non-Fugu protein sequences. Figure 1 illustrates a scaffold showing BLAST similarities to protein databases, gene prediction, and tblastx hits with human sequence. The tblastx analysis provides translated comparisons of the two genome sequences. We found a total of 1,627,452 tblastx hits covering 75% of the Fugu gene loci, accounting for 78% of all tblastx features and giving a mean of 71.9 tblastx features per gene locus. A total of 527,902 tblastx features were outside of predicted gene loci (see, for example, Fig. 1 ). Assuming the false-positive level is similar for unknown and known loci, this approach would maximally add another 7331 gene loci. In reality this is certainly an upper bound because the fragmentation of the present assembly means that some loci will be represented across more than one scaffold. These considerations project the upper bound of gene loci in Fugu to be in the region of 38,000, excluding ribosomal and tRNA genes. We conclude that the core set of vertebrate gene loci is unlikely to exceed 40,000.
Identification of novel human putative gene loci. We searched all of the predicted Fugu proteins against the human EnsEMBL peptides, resulting in matches for 27,779 Fugu proteins with a blast expect score threshold of less than 10
Ϫ3
. This accounted for 22,386 EnsEMBL human peptides. Of the 8761 Fugu proteins below this threshold, a further 1800 matched against the masked human genomic sequence when tblastn was used. Of these, a large number were short matches, which may represent missing exons from gene predictions; however, some represent potentially novel human gene loci. To establish the relation between the matching proteins and existing human gene loci, we used these putative proteins from Fugu gene predictions as input to attempt to build human genes through an EnsEMBL human pipeline. Predictions that overlapped with or were contained within existing loci of human EnsEMBL were eliminated, resulting in 1260 predictions that were apparently novel. After filtering for lowcomplexity peptides, the remainder were further searched against the National Center for Biotechnology Information (NCBI) nonredundant protein database. A total of 961 predictions remained that did not overlap with existing human proteins (31) . About half have some nonhuman match in the NCBI nonredundant database; the remainder were not classifiable by homology. These predicted proteins represent novel putative gene loci in human.
Repetitive sequences and the Fugu genome. We derived consensus sequences for the most common interspersed repeats in Fugu (Table 2) (25) . A RepeatMasker analysis of the Fugu assembly showed only 2.7% of the genome to match interspersed repeats. Although higher than previous estimates (32) , this is still a significant underestimate because the Fugu repeat database is far from complete and repeat dense regions are underrepresented in the assembly. Despite this underestimate, the density of interspersed repeats is clearly far below the 35 to 45% observed in mammals.
Paradoxically, despite their low absolute abundance, transposable elements have been and probably still are very active in the Fugu genome. There are at least 40 different families of transposable elements in which nucleotide substitutions have accumulated to a level of Ͻ5%, reflecting a very young age and possible current activity. In contrast, the exhaustively studied but transposon-deprived human genome only contains six families of such low divergence level (1). We found relatively young representatives of 21 major classes of transposable elements in Fugu, whereas only 11 classes are known to have been active in our genome in the past ϳ200 million years. The neutral substitution rate in Fugu is not known but is likely to be higher than that in higher primates, so that Ͼ40 families in Fugu have been active at least as recently as the 6 families in the human genome. Despite the low overall copy number of transposon fossils, almost every class of transposable elements known in eukaryotes is represented in Fugu (Table 2). Thus, at least in recent times, the Fugu genome seems to have endured activity from more types of transposable elements than the human genome. Strong pressure against insertions and for deletions would work against transposable elements like short interspersed nuclear elements (SINEs) and many long interspersed nuclear elements (LINEs) that rely on constant creation of new copies to survive in a genome. The most common repeat, the LINE-like element Maui, has 6400 copies in the present assembly, as compared with the Ͼ1 million Alu and Ͼ500,000 LINE1 copies in the human genome. Their relatively low copy number may be due to a high rate of deletion of junk DNA or, in some cases, higher target site specificity.
Two observations on repeats support the idea that the frequency of larger deletions relative to point mutations is much higher in the Fugu than in the human genome. First, the average divergence of (CA) n , the most common microsatellite in both species, is 14% in human and 6.6% in Fugu. Unless concerted evolution of simple repeats works better in Fugu, this suggests that microsatellites in the Fugu genome are eliminated more rapidly relative to the accumulation of substitutions. Second, interspersed repeats of the same divergence level appear to have more internal deletions in Fugu than in human.
Thus, one aspect of the compact structure of the Fugu genome is the lower abundance of repeats-previously we estimated that Ͻ15% of the genome was repetitive, and this is borne out in this study. Our observations suggest that rapid deletion of nonfunctional sequences may be the predominant mechanism accounting for the repeat structure of Fugu. Table 2 . Repetitive DNA sequences in Fugu and their classification. Classification of transposable elements (25) that gave rise to the interspersed repeats in Fugu. *Gene or Genes indicates that only genes derived from this transposable class, and no interspersed repeats, are known in the human genome, indicating an ancient origin. "Many" denotes that both genes and repeat classes are present. Numbers of distinct submembers are in parentheses. A question mark indicates that the presence of a member is uncertain. In column 4, names are in bold when this report is the first to find that specific class of transposable elements in vertebrates. In the last column, we give the estimated copy number. These are still underestimates of the true number of family members because counting of elements in the unassembled, mostly repetitive 45Mb is difficult. Unclassified repeats, of which there are about 6000, constituting 0.25% of the genome, are not included in this 
Introns in Fugu.
The Fugu genome is compact partly because introns are shorter compared with the human genome (Fig. 2) . The modal value of intron size is 79 bp, with 75% of introns Ͻ425 bp in length, whereas in human the modal value is 87 bp but with 75% of introns Ͻ2609 bp. The present annotation contains ϳ500 large introns that are Ͼ10 kb in size, as compared with human, where more than 12,000 introns exceed 10 kb. The total numbers of introns are roughly the same (161,536 introns in Fugu compared with 152,490 introns in human). Both gain and loss of introns in the Fugu lineage (33) (Fig. 3) . Although the ratio of coding sequence lengths for putatively orthologous Fugu human gene pairs was almost unitary (35), we noted 571 gene loci in Fugu that were 1.3ϫ or greater in size than their human counterparts. This analysis revealed a feature of Fugu gene loci unprecedented in previous analyses-the presence of "giant" genes with average coding sequence lengths (1 to 2 kb), but spread over genomic distances greater than those for homologs in other organisms. On Scaffold_1 (Fig.  4) , we noticed a large region that was relatively bare of homology features, which on closer inspection had a predicted gene corresponding to Fugu transcript SINFRUT00000054697. This transcript consists of 14 putative exons predicting an RNA binding protein with similarity to proteins of the Drosophila musashi family (36) (37) (38) (39) (40) (41) (42) (43) . This forms part of a multigene family in humans (ENSF00000000182, heterogeneous ribonucleoprotein) with 32 members; at least 16 members can be found in Fugu. The most similar gene locus in human is msi-1, a 28-kb gene on chromosome 12. Curiously, the gene loci in human and fly are less than 50 kbp in size, whereas in Fugu this one locus on Scaffold_1 spans ϳ176 kb. The average gene density in Fugu is one gene locus per 10.9 kb of genomic sequence. The distribution of 1176 bp of putative coding information in 176 kb is unprecedented in Fugu, and the genomic organization of this gene stands in sharp contrast with that of the compact gene loci surrounding it. A paralog of Fugu msi-1 is located on Scaffold_1927; however, the gene locus occupies only ϳ16 kb of genomic sequence. Exhaustive searches did not produce similarity features suggestive of undetected gene loci, and therefore we have no evidence that the introns of this particular locus might contain other embedded genes. The Fugu msi-1 homolog on Scaffold_1 is detectable by reverse transcription-polymerase chain reaction in Fugu RNA.
Gene loci in the present assembly occupied ϳ108 Mb of the euchromatic 320 Mb, or about one-third of the genome, emphasizing the density with which they are packed in Fugu. However, variations in gene density occur across the Fugu genome, with clustering into gene-dense and gene-bare regions, as is the case with human (Table 3) (1, 2) . Despite this variation in gene density, there was much lower variation in overall Fugu GϩC content than in human (Fig. 5) , regardless of gene density (Table 3) . Physical methods have suggested that GϩC compositional heterogeneity is less marked in poikilothermic animals (44) , and this is confirmed by our large-scale genome sequence analysis.
Structuring of the Fugu Genome over Evolutionary Time
In the past, conservation of large-scale structure between genomes has been assessed by considering conservation of synteny and of gene order (45, 46) . Conservation of synteny means that orthologous gene loci are linked in two species, regardless of gene order or the presence of intervening genes. When evolutionary distance is large, scrambling of gene order and the presence of nonsyntenic intervening genes become frequent and so it becomes necessary to account for these features when examining conserved segments (45) (46) (47) . We have examined the contiguity from Fugu with reference to human, looking at Fugu genes linked on scaffolds within the assembly whose orthologs are linked on human chromosomes.
To make Fugu-human comparisons, we first assigned putative orthology and then examined possible clustering of genes with respect to differing numbers of intervening nonsyntenic genes (25) . Figure 6 shows the locations of Fugu gene clusters relative to human chromosomes 1 and 12 (full plot in fig. S1 ), allowing for varying numbers of intervening genes (table S2). Although many short conserved segments were found, considerable scrambling of gene order was observed over large distances (for example, chromosome 12 in Fig. 6 ). Even within short conserved segments inversions of gene order were relatively frequent (35) .
The density of conserved segments varied between chromosomes ( fig. S1 ). We examined the nature of this relation in terms of chromosomal gene density and chromosomal length (Fig. 7) . There was no apparent correlation with gene density of human chromosomes; however, the number of conserved segments varies with human chromosomal length (Fig. 7) . This suggests that the retention of conserved segments is driven largely by the probability of rearrange- ment, which is in turn a function of chromosome length. In addition, the frequency distribution of conserved segments in relation to the number of genes per segment follows the exponential distribution noted in human-mouse comparisons (1) ( fig. S2 ), for segments with identical and scrambled gene order ( fig. S3) . Thus, despite the separation of Fugu and human over 450 million years of evolution, the dominant mode of segmental conservation fits a random breakage model (45, 46) . We next examined the nature of conserved segments between Fugu and human by looking at the frequency distribution of segments for discrete numbers of unrelated intervening genes. We noted ( fig. S4 ) that this distribution peaks (1380 segments) at 1 to 5 unrelated intervening genes, with a much smaller peak for sparse segments of 161 to 320 intervening genes. A total of 221 of 933 segments (24%) with two or more syntenic genes show completely identical gene order. Considering the length of these segments in the Fugu genome, coverage rises to an exponential asymptote of 13.4% (fig. S5) ; however, most of the coverage is in short segments with low numbers of intervening genes-a total of 3.8% (12.6 Mb) of the genome is in segments with 0 intervening genes ( perfect conservation), 5.0% (16.7 Mb) is in segments with 1 intervening gene, 7% (23.6 Mb) is in segments with up to 5 intervening genes, and 9.3% (30.7 Mb) is in segments with up to 15 intervening genes.
Duplications and Fugu genome structure. It is widely believed that large regional or genome duplications have contributed to the structure of vertebrate genomes, and it is now well established that most teleosts contain an excess of duplicate genes in comparison with tetrapods. The mechanisms by which these have arisen are controversial but could involve tandem duplications, segmental duplications, and whole genome duplications.
Recent duplications would be expected to show a high degree of sequence conservation in coding and noncoding portions, as opposed to ancient duplications, which may show conservation in coding regions only (1) . We used the same parameters in comparing Fugu to itself as were used for the human genome. With windows of 1 kb and 500 bp, we found that ϳ0.15 and 1.3%, respectively, of the Fugu genome contained duplicated segments as compared with the human genome, whereas ϳ5% of the genome was found duplicated in segments of Ͼ1 kb (1, 2, 48) . This suggests that large, recent tandem duplications are not a contemporaneous feature of the Fugu genome, or if such events do occur with any frequency, they have only a short persistence and are unlikely to account for large-scale changes in structure.
The most robust evidence (49-51) for ancient duplications comes from the existence of ancient paralogous segments. Orthologous genes are related by direct descent from the last common ancestor of two species. Gene duplication complicates this by the generation of paralogs to a given locus. Where paralogs have arisen after the speciation event that separated two orthologs, they are referred to as co-orthologs or in-paralogs (52) . Although global resolution and dating require chromosomalscale assemblies, we have already identified some fish-specific duplications. Previously (53), three Fugu Hox complexes orthologous to tetrapod Hox-a, -b, and -c complexes were identified, together with a fourth complex that was subsequently observed to be orthologous to a duplicated Hox-a complex in zebrafish (54) . If this arrangement was the result of an ancient, fish-specific duplication, it predicts the potential existence of additional complexes or remnants of these in the Fugu genome sequence. We found at least two additional complexes in Fugu: an ortholog of the tetrapod Hox-d complex (Hox-da) and an ortholog of the zebrafish duplicated Hox-b complex (Hox-bb) ( fig. S6 ) (25) .
Is there additional evidence for ancient duplications in the Fugu genome? In examining other regions, for example, human 12q (Fig. 6) , we found co-orthologs of some genes on different scaffolds. At least 12 of 114 genes examined in this region are represented in six co-orthologous segments of Fugu. With respect to human chromosome 20q12 (35, 55) , 19 Fugu scaffolds contained 64 orthologs, of which 30 appear to be co-orthologous (duplicated in Fugu). These are represented by at least eight co-orthologous segments, implying these were part of segmental or large-scale duplications. Similar ancient duplications were found mapping to human chromosome 16 in the region of the polycystin-1/tsc2 locus (35) .
Comparison of Fugu and Human Predicted Proteomes
We next examined the similarities and differences between the human and Fugu proteomes at extremes of the vertebrate radiation (Fig. 8) . We selected, by inspection, a conservative threshold score of between 10 Ϫ2 to 10 Ϫ3 that defined distant alignments for the purposes of global comparison (56) (57) (58) .
From this inspection we noticed two features: First, the majority (59) of peptides have some degree of match in Fugu; second, ϳ25% of predicted human proteins (8109) do not appear to have homologs in the Fugu genome. In a reciprocal comparison, we noted that ϳ6000 Fugu predicted proteins lacked significant homology in human. We searched the 8109 human proteins against a core set of invertebrate proteins from Drosophila melanogaster, Caenorhabditis elegans, and Saccharomyces cerevisiae and noted a further 429 human proteins with some degree of match in these protein sets, suggesting that these genes had been lost from Fugu (60) .
We asked whether any pattern was present in the set of 8109 nonmatching human proteins. We noted that 1237 proteins were classifiable through Interpro domain classification (table  S3) . Of the remaining 5268 proteins, some have identifiable secondary-structure motifs such as coiled coils or transmembrane motifs; however, most of these proteins are hypothetical or are of unknown function. Among the nonmatching proteins with Interpro identities, there were many cell surface receptor-ligand system proteins of the immune system, hematopoietic system, and energy/metabolism of homeotherms.
Immune cytokines, in general, were either not detectable in Fugu or showed distant similarities to human proteins (table S4) , even when sensitive Smith-Waterman whole-genome searches were used. These components appear to have undergone either rapid evolution of sequences or to have arisen de novo in tetrapods. Detecting short, rapidly evolving peptide ligands is always difficult, and we therefore examined in more detail potential divergence of relevant cell surface receptors (table S4). The greatest degree of similarity in cell surface receptors was for the interleukin-1 (IL-1), IL-8, and IL-6 systems, where overall identities of ϳ45% exist. However, receptor components could not be confidently detected for many immune cytokines. Fish have cellular immune components, and there is evidence for antiviral defences, although attempts to identify immune cytokines in fish have so far resulted only in the identification of active IL-1-like molecules of the Toll family and IL-8 -like receptor molecules (61) (62) (63) (64) (65) . Functional searches for other interferons and other interleukins have so far been unsuccessful. The degree of divergence in T cell-related cytokines suggests that T cell-mediated cellular immune functions have been a rapidly evolving system. This suggestion is reinforced by the apparent absence of CD4-like molecules and only a faint signature for one of the CD8 glycoprotein chains on Scaffold_119.
The general organization of TCR and immunoglobulin (Ig) loci in Fugu ( fig. S7 ) (66) reflects organization previously described in other fishes (67) . Unexpectedly, the Fugu Ig heavychain locus has a separate array of D-and J-gene segments followed by a single constant exon 5Ј to the canonical array of D-and J-gene segments associated with ␦, , and transmembrane exons. This partial locus duplication superficially resembles that of mammalian TCR-␤. However, rather than a duplication of functionality, the single constant exon appears to be the secretory form of IgD. This observation reveals that an osteichthyan strategy for differentially producing secretory and membrane immunoglobulins relies on germ-line rearrangement, probably as an adjunct to the production of secretory forms through alternative splicing. This dual strategy contrasts sharply with the mammalian strategy of differential processing of transcripts.
Divergence was also noted in many nonreceptor systems (table S3) , including compo- nents of the cell cycle, apoptosis-related proteins, and gametogenesis proteins. The spectrum of these differences reflects the differentially evolved physiologies of mammals and fish.
The comparative classification of predicted proteins by domains (Fig. 9, table S6 ) principally indicates numerical concordance between Fugu and human. Notable exceptions include potassium channel subunits and kinases, which appear in excess in Fugu, whereas C2H2 zinc finger proteins are more numerous in human. We examined G-protein-coupled receptors (table S5) in detail to explore the evolution of subfamilies. Some variability in subfamily sizes was detected (for example, adrenoreceptors are more numerous in Fugu than in human); however, most subfamilies were of similar size. Olfactory receptors (fig. S8 ) show a clear expansion of different subfamilies in Fugu. Likewise, the absence of type I subclass A olfactory receptors suggests that these may be the result of a tetrapod-specific expansion. Even where simple numerical concordance in family sizes was noted, it does not necessarily reflect an underlying similarity in the evolution of the proteins. For example, the CxC2 cytokines (table S5) has 21 members in human and 23 in Fugu. However, when compared directly (35) , only nine of the Fugu family members could be assigned orthologs, and most had global sequence similarity of less than 35%.
Conclusions
The feasibility of assembling a repeat-dense mammalian genome with whole-genome shotgun methodology is currently a matter of debate (68, 69) . However, using this approach, we have been able to sequence and assemble Fugu to a level suitable for preliminary long-range genome comparisons. Was it efficient to obtain the sequence of an entire vertebrate genome in this way? We have estimated the expenditure of the consortium to have been around $12 million (U.S.), including the salaries of the people involved and the expenses of obtaining the single Fugu specimen used to derive the DNA for this work. This is probably two orders of magnitude less than the cost of obtaining the human genome sequence. It suggests that even in the absence of mapping information, many vertebrate genomes could now be efficiently sequenced and assembled to levels sufficient for in-depth analysis.
The gene-containing fraction of this vertebrate genome is a mere 108 Mb. Despite the overall eightfold size difference between Fugu and human, "gene deserts" are also present in Fugu, although these regions are scaled in proportion to the genome size. "Giant" gene loci, with a low ratio of coding to noncoding DNA, occur in Fugu, in sharp contrast to the compactness of genes around them. In flies (70) , large introns occur preferentially in regions of low recombination, and this has led to the suggestion that large introns are selected against. If intron sizes were simply scaled as genome size, we would not expect to find extreme outlier genes without some evidence of their existence in other species. Further study of these extreme examples may illuminate the balance of gain and loss of DNA in genomes during evolution. The presence of large intron structures in Fugu implies that, despite general evolution of Fugu toward compactness, Fugu splicing machinery is still able to recognize and process large introns correctly.
The other key feature of the compactness of Fugu is the low abundance of repetitive DNA. Paradoxically, there is evidence of recent activity of transposon elements and far more diversity of repeat families in Fugu than in human. It is unclear why this should be the case and how this relates to the low abundance of repeats. However, the most parsimonious hypothesis is that sequences are deleted more frequently than inserted.
The number of gene loci in Fugu is similar to that observable in human. Our predictions are of course limited by the nature of automated gene-building pipelines, and we do not yet incorporate gene structures built from Fugu expressed sequence tags or from translation comparisons of Fugu and human genomic sequences. Nevertheless, we find no evidence for a core vertebrate gene locus set of more than 40,000 members. Simply comparing the present Fugu gene builds and prediction features with those of human also enabled us to discover almost 1000 human putative genes that have so far not been described in public annotation databases. This emphasizes that comparisons of vertebrate genomes will continue to inform the annotation of gene loci in the human genome.
There are certainly more similarities than differences between the Fugu and human proteomes; however, we have shown that a large fraction, perhaps as much as 25% of the human proteome, is not easily identifiable in Fugu. This set of proteins could represent evolution of proteins between two vertebrates so that they are no longer mutually recognizable at the sequence level, loss of genes common to other vertebrates in Fugu, or gain of genes specific to tetrapod or mammalian orders, or erroneous human gene predictions. We believe that rapid evolution of proteins may account for most of the observable differences. Regardless of the mechanism, the large set of human and Fugu proteins that are not mutually recognizable helps to define a set of previously unannotated human genes that may be at the core of differences between tetrapods and teleosts. Comparisons with other completed genomes will refine these sets to reveal the elements unique to each taxon.
Finally, in examining conservation of synteny, we have shown that a substantial fraction, about one-eighth of the Fugu genome, shows conserved linkages of two or more genes with the human genome. Over chromosomal scales, it is clear that the order of genes has been extensively shuffled, with many nonsyntenic intervening genes breaking up the segmental relation of Fugu and human chromosomes. Nevertheless, more than 900 segments of two or more genes show conserved linkage. In tackling the challenges of deciphering complex genomes, the enumeration of conserved segments between Fugu and human may form an important starting point for detecting conserved regulatory elements. We have also identified several sparse conserved segments for most human chromosomes. These segments are tightly linked in Fugu but dispersed over whole chromosomes in human. Tracing the fate of such segments in other species may allow us to reconstruct some of the evolutionary history of vertebrate chromosomes. Binary supermassive black holes are produced by galactic mergers as the black holes from the two galaxies fall to the center of the merged system and form a bound pair. The two black holes will eventually coalesce in an enormous burst of gravitational radiation. Here we show that the orientation of a black hole's spin axis would change dramatically even in a minor merger, leading to a sudden flip in the direction of any associated jet. We identify the winged or X-type radio sources with galaxies in which this has occurred. The inferred coalescence rate is similar to the overall galaxy merger rate, implying that of the order of one merger event per year could be detected by gravitational wave interferometers.
The detection of gravitational radiation from coalescing supermassive black holes (SBHs) would constitute a rigorous test of general relativity in the strong-field limit (1). However, the expected event rate is uncertain because the emission of gravitational waves is negligible until the separation between the SBHs falls below ϳ10 Ϫ3 to 10 Ϫ2 pc. By contrast, simulations of binary SBHs at the centers of galaxies suggest that binary decay may stall at separations of ϳ1 pc, too great for the efficient emission of gravitational waves (2) . It is unclear whether stellar-or gas-dynamical processes are capable of bridging this gap in a time shorter than the mean time between galaxy mergers. Here we consider whether black hole coalescence can alter the spin axis of the larger black hole and yield a detectable geometric signature in the radio observations of merging galaxies.
We estimate the effect of binary black hole coalescence on the spin of the resulting black hole using angular momentum conservation
where S 1 and S 2 are the spin angular momenta of the two SBHs just before the final plunge, 
